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Interpreting the b→ s µ+µ− anomaly in a heavy








Discrepancies with the Standard Model (SM) have recently been observed in b → s transitions,
which hint at a possible description in terms of four-fermion operators. In this work, we seek to
describe the anomaly by introducing new heavy fermions. Firstly we build four-fermion operators
out of SM and new fermions and introduce the hypothesis of Minimal Flavor Violation. Next we
integrate out the heavy degrees of freedom to form operators of four SM fields and obtain an effective
coupling constant. Two of the operators containing left-handed quarks show especial potential to
describe the anomaly, and we fit their coefficients to experimental data using open-source code
flavio to find that non-zero values are preferred. Using the result of adimensional coefficient
δ+ = 0.49± 0.16, we perform predictions for observables P ′5 and R∗K and find that they lie closer to
experimental data than the SM predictions.
Contents
1. Introduction 4
2. Constructing four-fermion operators 5
2.1. Color structure 6
2.2. Dirac structure 6
2.2.1. Chiral Fierz Identities 7
2.2.2. Operators with Dirac Structure 7
2.3. SU(2) structure 8
3. Minimal Flavor Violation 10
4. Effective theory 13
4.1. Integration of heavy degrees of freedom 13
4.2. Effective operators 16
4.3. Relation to Operator Product Expansion 18
4.4. Scale hierarchy 19
5. Experimental evidence 19
5.1. Fitting the coefficients 21







The Standard Model (SM) of particle physics has proven a very successful theory, having passed numerous experi-
mental tests. Nonetheless, it is an effective theory, valid up to some cutoff scale Λ. The gauge hierarchy problem,
which concerns the stability of the Higgs mass, suggests that this scale be in the TeV region. Therefore, hints of new
physics can be expected at the TeV scale, which is currently being probed at LHC [1].
In the quark sector, flavored interactions show potential in terms of unearthing New Physics (NP). Flavor symmetry
is broken in the Standard Model by the Yukawa interactions, giving rise to Flavor-Changing Charged Currents at
tree level. The probability of transitions between flavor quark states is governed by the Cabibbo-Kobayashi-Maskawa
(CKM) quark mixing matrix, which is approximately flavor diagonal with small off-diagonal elements [2]. On the
other hand, Flavor-Changing Neutral Currents (FCNC) are forbidden at tree level in the SM, and at one-loop they
are suppressed by at least one off-diagonal CKM element. For this reason they fall in the category of rare processes,
and are especially sensitive to new physics contributions. In this study we focus on B meson decays involving b→ s
transitions with final lepton pairs, which occur at lowest order at one loop in the SM.
Since flavor is not a good symmetry of the Standard Model, new physics is not expected to have an exact flavor
symmetry, but rather a non-generic flavor structure. However, since large flavor-violating contributions are precluded
by experimental data, this structure should be mostly flavor-symmetric, with small symmetry-breaking terms [1].
One of the many possibilities of such a flavor structure is the hypothesis of Minimal Flavor-Violation (MFV), which
assumes that flavor violation in new physics follows the same structure as in the SM, that is, is governed by the Yukawa
couplings. In this study we propose a new physics model involving MFV. It must be noticed that, even though MFV
provides a framework to describe flavor interactions beyond the Standard Model, it is not a fundamental theory of
flavor, in the sense that it does not provide an explanation for the hierarchical structure of the Yukawas and the CKM
elements.
At low energies, weak interactions of quarks can be described using the Operator Product Expansion (OPE), a series
of effective local operators multiplied by effective coefficients which can be computed in perturbation theory [3]. The
coefficients, called Wilson coefficients, are sensitive to contributions of new physics below the scale Λ. Recently there
has been evidence of deviations from the SM in observables related to b→ s transitions, as is the case of observable
P ′5. As can be seen in figure (1), measurements from LHCb lie approximately 3σ away from the Standard Model
in some bins [2], and the Belle experiment results from 2016 seem to follow the same trend [4]. Evidence suggests
that the anomaly affects decays involving muons and not electrons, and a nonvanishing contribution of NP to Wilson
coefficients C9 and C10 has been seen to provide an improved description of the data [5].
In this work, we propose the introduction of new heavy fermions which couple to Standard Model quarks and leptons
through four-fermion operators involving Minimal Flavor Violation. We aim to test whether these operators in their
low-energy limit could give contributions through four SM-fermion operators, which in turn could explain the observed
tensions with the Standard Model. A connection could be established to scenarios describing flavor and electroweak
symmetries and their breaking, such as technicolor, extended technicolor or composite Higgs models. For the purpose
of this study, we do not adhere to any particular model.
First, in section 2 we construct all possible four-fermion operators involving two SM-fermions and two beyond the
Standard Model (BSM) fermions. The number of operators to study could be at first glance excessively large, but
symmetries allow for a considerable reduction of this number. We also make some choices as of the operators to study,
focusing on those which preserve chirality. Next, in section 3 we introduce Minimal Flavor Violation in the bilinears
containing SM fields, not assuming any flavor structure for the BSM fermions. In section 4 we build a four-point
effective vertex by integrating the heavy degrees of freedom and obtain a list of operators involving four SM quarks
or two SM quarks and two SM leptons. At his point, we obtain an effective coupling constant that depends on the
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FIG. 1: Experimental values and Standard Model predictions for observable P ′5. Source: ref. [4].
scale of the process, the cutoff scale and the mass of the heavy fermions. Our choice for the mass of the BSM fermions
and the cutoff is 1 TeV, and we take the scale of the process to be of order of the mass of the b quark. Finally, in
section 5 we relate our operators to those in the OPE and use experimental data to study whether there is evidence
of nonvanishing contributions. On the one hand, we compute the coefficients of our operators by relating them to




10 in the literature. Additionally, we perform our own fits. In order to do this,
we use the open-source code flavio [6], which implements fitting routines for new physics contributions and their
statistical analysis. We restrict this analysis to two of the operators we obtained, which give contributions to the
process b → sµ+µ−. Lastly, we compute the predicted values of observables P ′5 and R∗K in our NP scenario and
compare them with the experimental points by LHCb and the SM predictions.
2. Constructing four-fermion operators
The first step is to construct all possible four-fermion operators using the same procedure as in [7]. The group structure
assumed for the BSM fermions is that they appear in a SU(2)L and a SU(2)R doublet and in the representation 3
of SU(3)c. This allows us to contract their indices with the SM fields, which (without any source of electroweak
symmetry breaking) belong to the same representations. However, at the end of this procedure we would like to
obtain operators of the type (Q̄Q)(q̄q), so that all indices of the BSM fermions (Q) are contracted with themselves
and the same for the SM fermions (q) in such a way that it be in fact irrelevant to which representations of SU(3)c
and SU(2)L ⊗ SU(2)R the BSM fermions belong. At first the only requirement imposed is that the operators be
Lorentz invariant and hermitian, and that the fermions be contracted in group invariants. We start by considering
two pairs of fermions, expressed as {ψ,ψ, ψ′, ψ′}, where primes indicate fermions that carry the same indices, and in
the end we specify which correspond to the SM fermions and which to the BSM ones. First we consider the possible
color structures an then we analyze the Dirac structure and make use of the Fierz identities. Next we look at the
SU(2) structure and again use Fierz identities to express the operators in the desired form, and finally we list all the
operators we obtain.
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2.1. Color structure






ψβ = (ψψ)(ψψ) , (2.1)
ψα
~λαβψβ ψδ
~λδγψγ = (ψ~λψ)(ψ~λψ) , (2.2)
where parentheses indicate contracted color indices, and ~λ are the SU(3)c generators. In the case of two pairs of
fermions with different additional indices, each of these cases allows two possibilities of contracting them (denoted by







′~λψ′) , (ψ~λψ′)(ψ′~λψ) . (2.4)
However, in order to simplify our analysis and with the aim not to be bound, at the end, to a particular group
structure, color indices are assumed to be contracted in the more simple way shown in (2.1). Furthermore, in later
steps leptons will be included in our study. When that is the case the same operators will be considered, only taking
into account that they are color singlets.
2.2. Dirac structure
In order to obtain all possible Dirac structures the chiral basis is used. This will permit an easy distinction between




(1− γ5) , PR =
1
2
(1 + γ5) , σµν =
i
2
[γµ, γν ] . (2.5)
Seeing that we are building operators of two fermion bilinears, the structures we want to construct are of the type
(ψΓµ1...µnψ)(ψΓ′µ1...µnψ). The possible Lorentz-invariant tensor products Γ
µ1...µn ⊗ Γ′µ1...µn built from the elements
of the chiral basis are
{PR⊗PR, PR⊗PL, PL⊗PR, PL⊗PL, γµPR⊗γµPR, γµPR⊗γµPL, γµPL⊗γµPR, γµPL⊗γµPL, σµν⊗σµν , εµνστσµν⊗σρτ} .
(2.6)
The four-fermion operators are constructed by inserting these possibilities in the bilinears. Before proceeding, some
useful relations to keep in mind are
P 2L = PL , P
2
R = PR , PLψ = ψL , PRψ = ψR ,
ψPL = ψR , ψPR = ψL , εµνρτσ
µν = 2iγ5σρτ .
(2.7)
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2.2.1. Chiral Fierz Identities
Some of the bilinears can be expressed as a function of others through the Fierz identities. These are usually
expressed in the Dirac basis but they can be found as well in the chiral basis. Their use allows to reduce the number
of independent operators that we need to study. In order to simplify the expressions we introduce the Takahashi
notation, in which parentheses and brackets are used to indicate in which way the color indices of the spinors at each
side of the chiral basis matrices are contracted. Each parenthesis (bracket) represents a color index that is contracted













α = (PL][PL) . (2.9)
The orthogonality property relating the elements ΓA of the chiral basis reads Tr[ΓAΓB ] = 2δ
A
B , and from it the chiral







These identities have been evaluated in [9] for all possible ΓA, ΓB , and the relations they establish between the
different products show that not all operators obtained by introducing the different tensor products are independent.
In the next sections, the identities will allow us to reduce the number of independent operators. As an example, from
(2.10) stem the following (see [9] for a complete list):
− 2(PR)[PL] = (γµPL][γµPR) , − 2(PL)[PR] = (γµPR][γµPL) ,
(γµPR)[γµPR] = −(γµPR][γµPR) , (γµPL)[γµPL] = −(γµPL][γµPL) .
(2.11)
2.2.2. Operators with Dirac Structure
To obtain the possible Dirac structures, the elements in (2.6) are systematically introduced in the color structures of
(2.3). The following operators are obtained:
PR ⊗ PR → (ψLψR)(ψ′Lψ′R) , (ψLψ′R)(ψ
′
LψR) ,
PR ⊗ PL → (ψLψR)(ψ′Rψ′L) , (ψLψ′R)(ψ
′
RψL) ,
PL ⊗ PR → (ψRψL)(ψ′Lψ′R) , (ψRψ′L)(ψ
′
LψR) ,
PL ⊗ PL → (ψRψL)(ψ′Rψ′L) , (ψRψ′L)(ψ
′
RψL) ,
γµPL ⊗ γµPL → (ψLγµψL)(ψ′Lγµψ′L) , (ψLγµψ′L)(ψ
′
LγµψL) ,
γµPL ⊗ γµPR → (ψLγµψL)(ψ′Rγµψ′R) , (ψLγµψ′L)(ψ
′
RγµψR) ,
γµPR ⊗ γµPL → (ψRγµψR)(ψ′Lγµψ′L) , (ψRγµψ′R)(ψ
′
LγµψL) ,
γµPR ⊗ γµPR → (ψRγµψR)(ψ′Rγµψ′R) , (ψRγµψ′R)(ψ
′
RγµψR) ,







µν ⊗ σρτ → εµνρτ (ψσµνψ)(ψ
′





At this point, the fields between parentheses have the same color and Dirac indices, and the primes indicate how
other indices (e.g. SU(2)) might be contracted. Using the Fierz relations found in [9] we see that only 10 out of the
operators in (2.12) are linearly independent. Our choice is
7













































This list can be reduced by imposing that all operators be hermitian. To this end (2.15) and (2.17) must be paired
with their hermitian conjugates, which are precisely (2.16) and (2.18) respectively. Moreover, (2.21) and (2.22) are

































LψR) + h.c. . (2.29)
2.3. SU(2) structure
Operating with the chiral basis has led us to write the operators in terms of left-handed and right-handed fields. We
now promote these to SU(2)L and SU(2)R doublets respectively and, since no source of SU(2)L ⊗ SU(2)R breaking
has yet been introduced, we require that the operators be SU(2)L ⊗ SU(2)R invariant. This means that they should
remain invariant under
ψL → ei~θL~τψL , ψL → ψLe−i
~θL~τ ,
ψR → ei~θR~τψR , ψR → ψRe−i
~θR~τ ,
(2.30)
where τ i are the SU(2) generators in the fundamental representation. Since UL = e
i~θL~τ , UR = e
i~θR~τ are unitary,
operators containing only left-handed or right-handed fields are trivially SU(2)L ⊗ SU(2)R invariant. This is so
because we are constructing bilinears with two doublets and two hermitian conjugate doublets. For the mentioned
operators (which correspond to (2.23)-(2.26)), there are only four independent operators when SU(2) indices are
contracted. Since no further symmetries are assumed, we drop the primes and obtain the following:
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When no indices are explicitly written all indices are contracted for the fields between parentheses. We will assume
that flavor indices are contracted within the parentheses as well when we promote the fields to vectors in flavor space










The operators involving fields with both chiralities, (2.28) and (2.29), need to be handled more carefully. First we








R), does not give an SU(2) invariant.
Nonetheless, an invariant structure can be obtained by introducing the-two dimensional antisymmetric tensor (we do

























Given that the conjugate doublet transforms like the doublet, ψcL → ei




L is SU(2)L invariant.









R)εikεjl + h.c. , (2.34)
which is SU(2)L ⊗ SU(2)R invariant. Putting everything together, and dropping the SU(2) indices when they are





























R)εikεjl + h.c. .
(2.35)
Using the relations of (2.8), we see that they are as well CP invariant. Now we are ready to obtain the operators
with two Q and two q fermions. All possible combinations of ψ = {Q,Q, q, q} are inserted in the list above. A
distinction is made between chirality-preserving operators (in which each pair of fermions has the same chirality) and
chirality-violating operators (when it is not the same). The operators we obtain are
• Chirality preserving:
L2 = (QLγ
µQL)(qLγµqL) , a = (QLγ
µqL)(qLγµQL) ,
R2 = (QRγ
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• Chirality violating:
LR′ = (QLγ




































L)εikεjl + h.c. .
(2.37)
As stated before, it is desirable to obtain operators of the form (Q̄Q)(q̄q). For the operators which are still not in
this form this can be achieved through the Fierz identities for SU(2) and SU(3) [8], which read, respectively,






(λa)ij(λa)kl = δilδkj , (2.38)
or expressing it in terms of SU(2) vectors χi and SU(3) vectors ηi,






(η̄1~τη2)(η̄3~τη4) = (η̄1η4)(η̄2χ3) . (2.39)


















Although keeping a complete basis of operators would require including operators with SU(3) generators (λ), we
restrict our study to the operators without them for reasons already stated. This means that from the list above we
only keep operators ~L2 and ~R2. We also restrict our study to chirality-preserving operators, which are the ones that











µQL)(qRγµqR) , RL = (QRγ
µQR)(qLγµqL) .
(2.41)
In addition to not having to assume any particular color representation, in the operators above it need not be assumed
any particular representation of SU(2) for the BSM fermions either. If they appeared in a representation other than
the fundamental the operators could be simply modified by exchanging the τ matrices (SU(2) generators in the
fundamental representation) for the generators in the appropriate representation.
3. Minimal Flavor Violation
So far we have obtained a list of six four-fermion hermitian operators with a simple color structure which are SU(2)L⊗
SU(2)R ⊗ SU(3)c, Lorentz, and CP invariant and preserve chirality. In order to introduce in the operators a source
10
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of CP violation and quark mixing we turn to the hypothesis of Minimal Flavor Violation. Its starting point is the
Yukawa sector of the Standard Model Lagrangian containing quarks, which reads
LY,quarks = qLYuuRφ+ qLYddRφ̃+ h.c. , (3.1)
where the doublet qL and the singlets uR and dR are quark fields which correspond to 3-component vectors in
generation space, φ is the Higgs doublet (with φ̃ = iτ2φ
∗) and Yu,d are the Yukawa matrices, 3 × 3 matrices in
generation space. The Lagrangian (3.1) is invariant under the changes
qL → VQqL , uR → VuuR , dR → VddR , (3.2)
where Vi are as well 3× 3 matrices in generation space. This is so if the Yukawa matrices transform as
Yu → VQYuV †u , Yd → VQYdV †d . (3.3)
We choose to diagonalize Yd, then
Yd = λd, Yu = V
†λu , (3.4)
where λu,d are diagonal matrices (with its diagonal components being the usual Yukawa couplings) and V is the
CKM matrix. Minimal Flavor Violation proposes that the dynamics of flavor violation in all operators arise from the
same structures as in the Standard Model, that is, that it be determined by the structure of the Yukawa couplings.
This also implies that CP violation is originated only by the phase in the CKM matrix [7]. Our procedure will be to
introduce suitable combinations of Yukawa matrices in our operators in such a way that they remain invariant under
the changes (3.2) and (3.3). Before proceeding it is useful to define the flavor-violating parts of certain combinations
of Yukawa matrices, such as
YuY
†
u ' y2t V ∗3iV3j → λF1 = y2t V ∗3iV3j , (i 6= j) , (3.5)
Y †d Yu = (λdV
†λu)ij → λF2 = (λdV †λu)ij , (i 6= j) . (3.6)
In the case of λF1 the fact that the top Yukawa coupling yt provides the largest contribution has been used, since




u qL → qLλF1qL , dRY †d YuY †uYddR → dRλdλF1λddR ,
dRY
†
d YuuR = dRλdV
†λuuR → dRλF2uR (+h.c.).
(3.7)




uYuuR = uRuR. Those
involving two right-handed down-type quarks are suppressed by λ2d, but we include them in our analysis even so.
The matrix λF2 is not hermitian, but except when expanding a bilinear explicitly we will simply write λF2 in the
understanding that its hermitian conjugate must be taken when the term is of the type uRλ
†
F2dR. The next step is
to introduce the MFV structures in (3.7) in the operators of (2.41). It must be noticed that the Lagrangian (3.1)
does not respect SU(2)R symmetry, and that u and d-type R fields have different transformation properties under
11
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the MFV hypothesis. This forces us to break down our operators and express them in terms of right-handed singlets.





ud+ du,−iud+ idu, uu− dd
)
. (3.8)
The MFV structures are inserted only in the bilinears containing SM quarks, since we have not assumed any flavor
transformation properties for the BSM fermions. Promoting the fields in (2.41) to three-column vectors in family
space, the following ∆F = 1 operators are obtained:
~L2 → (QL~τγµQL)(qL~τγµλF1qL) ,
L2 → (QLγµQL)(qLγµλF1qL) ,
RL→ (QRγµQR)(qLγµλF1qL) ,
R2 → (QRγµQR)(dRγµλdλF1λddR) ,
LR→ (QLγµQL)(dRγµλdλF1λddR) .
(3.9)
Operator ~R2 needs to be handled more carefully because of its qR~τγ
µqR bilinear, which mixes up and down-type right-
handed quarks. Expanding it according to (3.8), we find that it can accommodate the following MFV structures:
~R2 → (QR~τγµQR)(uRγµλ†F2dR + h.c., −iuRγµλ†F2dR + h.c., dRγµλdλF1λddR) . (3.10)
Taking into account that the operators have mass dimension 6, in the Lagrangian they must be suppressed by a power
of 2 of some cutoff scale Λ, which later on we will associate with the mass of the heavy fermions. Making this explicit
and taking ci to be adimensional couplings, we write the following list of operators Qi, involving two BSM fermions





































where we have broken up the operator of the form ~R2 in its three components because, as we have seen, they allow
different MFV structures (operators Q6−8). In addition to the operators involving quarks, we can also construct
operators involving SM leptons. In this case flavor-violating structures are not introduced, since the MFV hypothesis
we have adopted does not allow for family mixing in the lepton sector. This entails that it is free from SU(2)R-breaking












with each doublet being a three-column vector in family space. The following operators involving leptons, Qil, are
obtained:
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To this point we have obtained a list of four-fermion operators which involve Minimal Flavor Violation, some containing
SM quarks and some SM leptons, and all containing a pair of BSM fermions. Now we would like to quantify the
contribution of these operators to processes which can be observed in current experiments such as LHCb, so that it
can be determined whether such contributions are allowed from the experimental side. Let’s consider diagrams of
second order in the operators Q which involve four fermion external sates, as shown in figure (2), and assume that
the mass of the BSM fermions is m ∝ 1 TeV. Contributions from diagrams of this type at energies much lower than
m may be accounted for by an effective four-point fermion interaction as shown in figure (3) once the heavy degrees
of freedom have been integrated out, in the same way that Fermi theory is able describe electroweak interactions at







FIG. 2: Four-point fermion interaction mediated by heavy





FIG. 3: Effective four-fermion interaction after integra-
tion of heavy fermions.
4.1. Integration of heavy degrees of freedom
We proceed to compute the (amputated) diagram of figure (2). Since the diagram is clearly divergent (a quick
analysis shows that the superficial degree of divergence is d4k/k2 ∝ k2), it must be regularized in order to extract its
finite contribution. In spite of the presence of definite-chirality currents, which involve γ5, we use naive dimensional
regularization, which should not be inconsistent in the absence of triangular-type diagrams. To start, we explicitly





























Since the ultimate goal is to study the process b → sµ+µ−, it suffices to study the case in which the heavy-fermion
loop produces a neutral current. The only products that give rise to such currents are
13
































[k2 −m2 + iε][p2 −m2 + iε]Tr
[




Taking the sum of the incoming momenta of the two quarks as p1 + p2 = q and the loop momenta as k and changing
to momentum space the integral becomes






(/k −m)γµ(1− γ5)( /k + q +m)γν(1− γ5)
]
[k2 −m2 + iε][(k + q)2 −m2 + iε] . (4.4)














In order to obtain the denominator as a function of the integrated momentum squared we perform the change k = l−qx,
so that the new variable of integration is l. This means that the part of the trace proportional to εµναβ does not
contribute: either it is proportional to even powers of l (then it vanishes under the integral) or it is proportional to
the totally symmetric tensor lαlβ , which vanishes when contracted with εµναβ . This leads to the same integral for
the products of two right-handed or two left-handed currents, and as well for up-type and down-type BSM fermions.







[Ax+B(1− x)]2 . (4.6)
The denominator then becomes
1
















−(k2 + k · q) gµν + 2kµkν + kνqν + kµqν = (2/d− 1)l2gµν + x(x− 1)(2qµqν − q2gµν) + terms linear in l , (4.8)
where we have used that under the integral lµlν = l2gµν/d, where d is a generic dimension. To evaluate the integral
we use the following relations [10]:
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where we have used that (1− d/2)Γ(1− d/2) = Γ(2− d/2). Taking the limit d→ 4− ε gives











+ γ − ln 4π
)(
− gµνm2 + 2x(x− 1)(qµqν − q2gµν)
)
, (4.11)
Working in the MS scheme, we only keep as a finite contribution the term proportional to the logarithm. Evaluating




























































− gµνm2I1 + 2(qµqν − q2gµν)I2
]
. (4.13)
The terms proportional to qµqν and q2 correspond to terms with two derivatives in position space, which give rise to
a dimension 8 operator, even more suppressed that the dimension 6 ones. Thus the main contribution to Iµν comes
from I1. This can also be understood simply by noticing that I1 is proportional to m
2, and I2 to q
2, leaving the
former to dominate at q << m. Taking the regularization scale µ to be of the order of q and approximating I1 for
q/m << 1 we obtain





























4.2 Effective operators 4 EFFECTIVE THEORY
To this point we have evaluated the amputated four-point diagram in figure (2) for two currents of the same chirality.











(/k −m)γµ(1− γ5)(/k + /q +m)γν(1 + γ5)
]
= −2m2gµν . (4.16)
























































where in the last equality we have taken the limit q << m. As it can be seen, the result in this limit is the same
that we obtain when the two bilinears have the same chirality. Although we are mainly interested in neutral currents,








gives the same result.
4.2. Effective operators
The analysis of the previous section has shown that the tensor structure of the loop integral in the approximation
q << m is gµν . The four-fermion effective operators constructed from the product of two of the operators in (3.11)



























ln(q/m) ' − 1
4π2m2
ln(q/m) . (4.21)
The quantity αf can be understood as the effective coupling of the four SM fermion interaction, a coupling which
runs logarithmically with the energy of the process and has dimensions [m]−2. At low energies, αf is always positive.
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The choice of the mass m is of course arbitrary, and it must be taken into account that for a given scale q the results
depend on this choice.
When writing the effective operators we must analyze the SU(2) structure of the heavy fermions. As an example we

























|0〉 = 2Iµν .
(4.22)




νQR)y and for the terms including the

























|0〉 = 2Iµν .
(4.23)
Furthermore, we find that when two different τ matrices appear the integral vanishes. This implies that, when
computing the product of two operators involving ~τ , the effective operator can be written as 2Iµν(q ~τγ
µq)(q ~τγνq)
times some constants. Bearing this in mind we find that all the possible effective operators involving quarks, which
we name Oi, are
O1 = δ1(qLγµλF1qL)(qLγµλF1qL) , O2 = δ2(qLγµλF1qL)(dRγµλdλF1λddR) ,
O3 = δ3(dRγµλdλF1λddR)(dRγµλdλF1λddR) , O4 = δ4(qL~τγµλF1qL)(qL~τγµλF1qL) ,
O5 = δ5(qRτ1γµλF2qR)(qRτ1γµλF2qR) , O6 = δ6(qRτ2γµλF2qR)(qRτ2γµλF2qR) ,
O7 = δ7(qLτ1γµλF1qL)(qRτ1γµλF2qR) , O8 = δ8(qLτ2γµλF1qL)(qRτ2γµλF2qR) ,
O9 = δ9(qLτ3γµλF1qL)(dRγµλdλF1λddR) ,
(4.24)
where the δi are some combination of the more fundamental ci, which account for the fact that an operator Oi is
produced from different products of Qi. The δi are found to be
δ1 = 2αf (c
2
1 + c1c2 + c
2
2) , δ2 = 2αf (c1c3 + c1c4 + c2c4 + c2c3) ,
δ3 = 2αf (c
2









6 , δ6 = 2αfc
2
7 ,
δ7 = 2αfc5c6 , δ8 = 2αfc5c7 ,
δ9 = 2αfc5c8 .
(4.25)
The operators involving two SM leptons and two SM quarks, obtained from the product of one operator from (3.11)
and one from (3.13), are
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O1l = δ1l(qLγµλF1qL)(ELγµEL) , O2l = δ2l(qLγµλF1qL)(ERγµER) ,
O3l = δ3l(dRγµλdλF1λddR)(ELγµEL) , O4l = δ4l(dRγµλdλF1λddR)(ERγµER) ,
O5l = δ5l(qL~τγµλF1qL)(EL~τγµEL) , O6l = δ6l(qRτ1γµλF2qR)(ELτ1γµEL) ,
O7l = δ7l(qRτ2γµλF2qR)(ELτ2γµEL) , O8l = δ8l(dRγµλdλF1λddR)(ELτ3γµEL) ,
O9l = δ9l(qRτ1γµλF2qR)(ERτ1γµER) , O10l = δ10l(qRτ2γµλF2qR)(ERτ2γµER) ,
O11l = δ11l(dRγµλdλF1λddR)(ERτ3γµER) ,
(4.26)
with the coefficients
δ1l = 2αf (c1c1l + c1lc2 + c2lc2 + c2lc1) , δ2l = 2αf (c1c3l + c3lc2 + c4lc2 + c4lc1) ,
δ3l = 2αf (c1lc3 + c1lc4 + c2lc4 + c2lc3) , δ4l = 2αf (c3c3l + c4c3l + c4c4l + c4lc3) ,
δ5l = 2αfc5lc5 , δ6l = 2αfc5lc6 ,
δ7l = 2αfc5lc7 , δ8l = 2αfc5lc8 ,
δ9l = 2αfc6lc6 , δ10l = 2αfc6lc7 ,
δ11l = 2αfc6lc8 .
(4.27)
We notice that O1−3, O1l−4l and O8l,11l give rise to purely neutral currents, while the other operators involve charged
currents as well as a consequence of the additional SU(2) structure. Moreover, the operators involving the flavor-
changing structure λdλF1λd (O2,3,9,3l,4l,8l,11l) are suppressed by a power of two of the down-type Yukawa couplings.
Operators involving MFV matrix λF2 are as well suppressed by at least one power in λd; this is the case of O5−8,7l−8l.
This considerations could reduce the relevant operators to O1,4,1l,2l,5l.
4.3. Relation to Operator Product Expansion
A standard technique to study weak decays is the Operator Product Expansion (OPE), which is of interest to this
study because a connection can be established between our operators and those in the OPE. In this approach,
short-range interactions mediated by W bosons are approximated as a sum over products of local operators times
some coefficients Ci, the Wilson coefficients [3]. The products of operators (Oi) have dimension 6, and higher-order
operators are neglected. The OPE provides a good description for low-energy processes, neglecting contributions of
order µ2/M2W , with µ being the typical momentum of the process. For b → s transitions, the effective Hamiltonian










The coefficients Ci are non-vanishing in the Standard Model. However, they are small for operators describing FCNC,
since they occur only beyond tree level. For this reason this coefficients are particularly sensitive to new physics
contributions. Some of the operators in (4.28) are the following
O9 = (sLγµbL)(lγµl) , O′9 = (sRγµbR)(lγµl) ,
O10 = (sLγµbL)(lγµγ5l) , O′10 = (sRγµbR)(lγµγ5l) .
(4.29)
They can be related to some of the operators in (4.26) if some relations amongst the coefficients are assumed. We




The introduction of the heavy fermions can be related to the masses of the Standard Model fermions. In fact, the
masses of all SM fermions could be generated from condensates of heavy fermions, as is claimed in technicolor models.






where g is a coupling of O(1), as argued in [7]. Since the value of 〈Q̄Q〉 is universal, there is a scale Λ associated to
each fermion. Taking 〈Q̄Q〉 = v2m, where m is the mass of the heavy fermions and v the Higgs vacuum expectation
value, one can determine the scale Λf associated to each fermion. For m = 1 TeV, the scales regarding leptons are
shown in table (I). Although these are rough estimates, it can be seen that the scales involving lighter particles are
higher, being ∼ 350 TeV for the electrons, ∼ 20 TeV for the muons and ∼ 5 TeV for the tau leptons.
If Λf is taken to be the scale associated to operators involving each kind of fermion, this provides an explanation
why processes involving electrons which arise from interactions with heavy fermions are further suppressed than those
involving muons and even more taus. However, it can also mean that taking Λ = 1 TeV as a generic scale, which we
do in the following sections, leads us to overestimate the contribution from operators involving muons.
e µ τ ν
Λf (TeV) 344 24 6 1.7 · 105
TABLE I: Scale associated to leptons at m = 1 TeV and coefficients of order 1.
5. Experimental evidence
In this section we use some of the available experimental data in the literature to test the effective interaction we have
constructed. In order to do this, we use measurements of some observables related to the b→ s l+l− transition to fit
certain coefficients of the semileptonic operators in (4.26). From now on we will refer to αf as the effective coupling







= 1.387 · 10−7 GeV−2. (5.1)
It is also useful to define the adimensional coefficients δi = δi/αf . Before going on to analyze recent experimental





uY u†qL) , (5.2)
which has a well-reviewed bound on its scale, Λ = 5.9 TeV [1, 11]. This operator can be directly related to operator
O1 in (4.24). Using the mentioned bound yields δ1 < 0.1. Recalling that δ1 = 2(c21 + c1c2 + c22) , we find that the -
more fundamental - coefficients of the SM quark-BSM fermion operators have the bound c21,2 < 0.05.
Recent results show tensions with the Standard Model arising from operators O9, O10, O′9 and O′10 in the OPE
(shown in equation (4.29)), which correspond to b → s l+l− transitions [5]. In particular, experimental data are





on for decays involving muons while keeping b→ s e+e− transitions as in the SM. For instance, this pattern is manifest
in the analysis of observables RK and R
∗
K in [12]. As for tau leptons, their fast decay into hadrons still makes accurate
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measurements difficult. For these reasons, we study only the effects of allowing nonvanishing contributions to the
process b→ s µ+µ−, while keeping only SM contributions for decays involving electrons and not studying observables
involving taus. On the other hand, we have seen that a theoretical argument on the masses of the leptons yields
a higher suppression for operators involving electrons. This could explain why the deviation from the SM is not
observed in this case. For the tau leptons, the scale is lower than for electrons and muons, so one would expect that
when measurements of b→ s τ+τ− are accessible an even larger deviation be observed.
Now we turn again to our basis of operators and find that O1l−4l involve the mentioned b → s l+l− transitions.
Particularizing them for an initial b and a final s quark and explicitly writing the MFV matrices in terms of CKM
elements and Yukawa couplings we obtain
Obs1l = δ1ly2t V ∗tsVtb(sLγµbL)(ELγµEL) , Obs2l = δ2ly2t V ∗tsVtb(sLγµbL)(ERγµER) ,
Obs3l = δ3lysyby2t V ∗tsVtb(sRγµbR)(ELγµEL) , Obs4l = δ4lysyby2t V ∗tsVtb(sRγµbR)(ERγµER) .
(5.3)
If we assume that new physics contributions arise only from our operators Obsil , we can impose that the new physics
part of the OPE effective Hamiltonian be equal to the sum of our operators. In order to do this, we redefine the Wilson
coefficients to contain only new physics contributions: Ci ≡ CNPi . Then we can switch from the OPE operators Oi to




















2C ′10 = (−δ3l + δ4l)ysyb ,
(5.4)
where we have defined the δ± for later convenience. In the special cases where C9 = ±C10 and C ′9 = ±C ′10 these are
directly related to δ1l, δ2l and δ3l, δ4l as follows:





2C9 = δ1l , C
′





2C ′9 = δ3lysyb ,














2C ′9 = δ4lysyb .
(5.5)
No CKM elements are involved in the rotation, since the suppression is the same in the OPE expansion and the
MFV hypothesis. When right-handed quarks are involved, the MFV operators are further suppressed by the Yukawa
couplings of the b and s quarks, a suppression that is not present in the OPE operators. The authors of ref. [5] use a





use their results to obtain the values of our coefficients, which are shown in table II. For the reasons stated before,
the results are exclusively for decays involving muons (b→ s µ+µ−).
The best fit values of coefficients δ3l and δ4l, which correspond to operators with right-handed quarks, are of O(104).
Since they are suppressed by ys yb, evidence for a small contribution from these operators calls for a high value of
their coefficients. However, the evidence for nonvanishing δ3l and δ4l is much weaker than for δ1l and δ2l, given that
for the former the the errors are large and the 1σ interval is compatible with the SM (vanishing coefficients). In this
sense, the right-handed contributions are disfavored with respect to the left-handed ones, and MFV provides a natural
explanation why. For the left-handed currents, all best fit values and errors are of O(1) and in the cases of δ1l and
δ+ they are further than 1σ away from the SM, thus they are the strongest candidates to describe the anomaly. The
scale Λ of the operator assuming coefficients δ = 1 has been also computed for left-handed currents, and we find that
it is of O(1TeV). The results are shown in table II.
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Best fit 1σ range Λ if δ̄ = 1 (TeV)
δ1l 0.24 [0.30,0.18] 1.3
δ2l 0.13 [0.28, 0.04] 2.0
δ+ 0.48 [0.56,0.39] 1.3
δ− -0.27 [-0.17, -0.37] 2.0
δ3l -4.9 ·104 [1.2, -10.1] ·104 -
δ4l −4.2 · 104 [1.2,−1.9] · 105 -
TABLE II: Best fit value of the δ coefficients obtained from the relations in (5.5) and the results in [5].
5.1. Fitting the coefficients
With the above results we gather that δ1l and δ+ are good candidates to explain possible new physics contributions
to different observables related to b → s µ+µ−. Using the open-source code flavio we perform the following fits on
these coefficients using experimental data:
• Two-coefficient fit allowing δ1l and δ2l to vary independently.
• One-coefficient fit with δ1l, taking C9 = −C10, and with δ2l, taking C9 = C10.
• One-coefficient fit with δ+ (∝ C9) and with δ− (∝ C10).
Although a wealth of data is available, with the aim to reduce computational time we choose a limited number of
observables that constrain the coefficients in study. All the measurements we include are from the LHCb collaboration.
The observables we use, together with the year of publishing, are the following:
• Bin-averaged angular observables P ′5 and FL for B0 → K∗0µ+µ− (2014).
• Bin-averaged differential branching ratio of B+ → K∗+µ+µ− (2015), Bs → φµ+µ− (2015) and B0 → K∗0µ+µ−
(2016).
• Bin-averaged ovservables RK (2014) and R∗K (2017).
Lepton flavor universality ratios RK and R
∗
K deserve a comment. They are defined as the following ratios of branching
ratios involving different leptons:
RK =
B(B → Kµ+µ−)




B(B → K∗e+e−) . (5.6)
They prove especially clean observables, due to the fact that hadronic uncertainties of each branching ratio cancel,
leaving theoretical uncertainties of O(1%). The Standard Model predicts R∗K = 1 for a broad range of q2, but
measurements by LHCb show discrepancies at the level of 2.5σ [12]. The 2017 result for R∗K was not included in [5],
but we take it into account in our analysis to see whether it is compatible with the deviations in other observables
when allowing for new physics contributions only in the decays involving muons. Observable P ′5, proposed in [13],
presents some cancellation of uncertainties as well.
Since J/ψ and ψ resonances occur in the region of squared center of mass energy (q2) between 6 an 15 GeV2, we do
not use data from this range (an example of this is seen in figure (1) in the introduction). Although in our model the
coefficients δil are purely real, when fitting them we allow for an imaginary part to check whether it improves the fit.
In all cases we find that an imaginary part is not favored, giving central values close to zero in all cases. The results
we obtain fitting only one real coefficient at a time for δ1l, δ2l, δ+ and δ− are shown in table (III). The results of the
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Best fit 1σ range Best fit from [5]
δ1l (1c) 0.26 [0.34,0.18] 0.24
δ2l (1c) -0.05 [0.11, -0.22] 0.13
δ+ (1c) 0.49 [0.65,0.33] 0.48
δ− (1c) -0.41 [-0.29, -0.56] -0.27
δ1l (2c) 0.25 [0.33,0.18] -
δ2l (2c) -0.06 [0.10, -0.22] -
TABLE III: Best fit value of the δ coefficients obtained using flavio. The best fit results from table II (Best fit from [5]) are
quoted again for comparison. 1c: one-coefficient fit; 2c: two-coefficient fit.












FIG. 4: 1, 2 and 3σ contours of the coefficients δ1 and δ2 in a 2-coefficient fit.
2-coefficient fit with δ1 and δ2 are also shown in table (III). Due to the fact that a reduced number of observables
has been used in comparison to [5], our uncertainties are larger than the ones shown in table (II). For coefficients δ2l
and δ− the results of columns 1 and 3 in table III present some difference, but in both cases the 1σ intervals overlap.
On the other hand the results for δ1l and δ+ are in agreement to a great extent, and in both cases the pull from the
Standard Model is larger than 1σ.
In figures (7)-(10) in Appendix A we present the likelihood normalized to its maximum value, with the 1σ range
highlighted, that results from the one-coefficient fits in δ1l, δ2l, δ+ and δ− . In general the functions are well behaved
except for a small fluctuation in δ2l. In figure (4) we present the joint 1, 2 and 3σ contours obtained when fitting
coefficients δ1l and δ2l.
A comment must be made regarding the scale Λ suppressing the operators. Here we have worked with Λ = 1 TeV,
but in section 4.4 we found that in fact higher scales should be considered for operators involving muons. Taking into












δ(Λ = m) . (5.7)
Given that we have found coefficients of O(1) at Λ = 1 TeV, using the above we would find, for instance, coefficients
of O(104) at Λ = 10 TeV. In further work it should be studied if such large coefficients have an impact on other
observables that may rule out their viability.
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FIG. 5: Predictions for observable P ′5 when including a contri-
bution from δ+ (NP), Standard Model prediction by flavio
(SM) and measurements from LHCb (LHCb) and ATLAS
(ATLAS).






















FIG. 6: Predictions for observable R∗K when including
a contribution from δ+ (NP), Standard Model predic-
tion by flavio (SM) and measurements from LHCb
(LHCb).
5.2. Observable predictions
In view of these results we may conclude that the best fit values of δ1l and δ+ provide an improved description of
the data in comparison to the Standard Model. In order to analyze the impact of introducing these coefficients on
the predictions of observables, we compute, for the case of δ+ = 0.49 ± 0.16, the predicted bin-averaged values of
observables P ′5 and R
∗
K . The computations are performed within the bins used by LHCb, in pursuance of a better
comparison with experimental points. The results are shown in figures (5) and (6) under the label NP together with
the Standard Model predictions performed by flavio and experimental points from LHCb (and ATLAS in the case
of P ′5). The error bars correspond to 1σ ranges, and in the case of our fit they correspond to the combined error of
the coefficient fit and the observable prediction.
In the case of P ′5, the NP points are shifted upwards with respect to the SM predictions for all bins. In the low-q
2
region this places them mostly closer to the experimental central values, while in the high-q2 region the SM prediction
is closer to the experimental points. Nonetheless, in the latter region the SM and NP predictions do not fall far apart,
in fact their 1σ intervals overlap. Regarding observable R∗K , we find that the NP scenario prediction lies definitely
closer to the measurements in comparison to the SM. Although the NP predictions are still further than 1σ away
from the LHCb measurements in the low-q2 bin, they do reduce the tension, especially in the high-q2 bin.
Considering the results obtained in this section, we can conclude that the introduction of nonvanishing coefficient
δ+ reduces the tensions in some observables related to the process b → s µ+µ−. This implies that the anomaly can
be explained through local operators involving two left-handed quarks and two leptons (with the left-handed option
being more favored as well for the leptons). These, in turn, can arise from four-fermion operators involving massive
fermionic particles with masses around 1 TeV. Furthermore, the introduction of Minimal Flavor Violation provides a
natural explanation why the left-handed currents are promoted with respect to the right-handed ones, which inherit a
strong suppression from Yukawa couplings ys and yb. Moreover, the δ coefficients that we have fitted involve products
of coefficients ci of operators involving heavy fermions and quarks and coefficients cil of operators involving heavy
fermions and leptons. While the ci should remain small in order for the bound on the operator in (5.2) to be fulfilled,
the cil should be sufficiently large to provide the correct contributions to the δi. In this case, the coupling of the
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heavy fermions to SM leptons would be stronger than to SM quarks.
6. Conclusions
The main aim of this work has been to assess if the introduction of new heavy fermions could, through four-fermion
operators involving Minimal Flavor Violation, reduce the tensions with the Standard Model arising from the b →
s µ+µ− anomaly. To this end, in the first part of the study we have constructed four-fermion operators involving two
new heavy fermions and two Standard Model fermions, in such a way that the operators are SU(2)L⊗SU(2)R⊗SU(3)c
invariant and preserve Lorentz symmetry. Even if the number of operators is a priori large, symmetries and especially
Fierz identities allow to reduce considerably this number. Because in the long run we are interested in operators
which can contribute to the process b→ s µ+µ−, we restrict ourselves to chirality-preserving operators with a simple
color structure, and obtain the list of six operators shown in equation (2.41). Then we bring MFV in the bilinears
containing SM quarks, which allow only a limited number of MFV matrices. The procedure results in eight operators
involving quarks and six operators involving leptons, listed in equations (4.24) and (4.26) respectively. At this point
SU(2)R symmetry is broken in the quark sector, and operators involving right-handed quarks acquire a much stronger
suppression that those involving left-handed quarks.
Next we employ the operators involving heavy fermions to construct effective four-point operators of SM particles
only. In order to do this, we integrate out the heavy degrees of freedom through a loop integral using dimensional
regularization. In the low energy limit, this integral gives rise to an effective coefficient, αf , which evolves logarith-
mically and takes the value αf = 1.387 · 10−7 GeV−2 at scale q = mb and cutoff Λ = m = 1 TeV, with m being
the mass of the heavy fermions. These values for q, m and Λ are our choice for this work, and other scales could be
explored by obtaining the appropriate value of αf . The resulting effective operators Oi carry a power of αf and an
adimensional coefficient δi, which is built from the more fundamental coefficients attached to the operators containing
heavy fermions. In addition, the case is studied where the masses of the fermions are generated by condensates of
heavy quarks. This allows to find an estimate of the scale suppressing operators with each type of lepton, and we
find that this scale is of O(TeV) for the tau letpons and progressively higher for the other leptons. Although we did
not consider this in this work, it could also be argued that the flavor structure of the SM arises from condensates of
heavy quarks. In this case, one would need to consider different flavors for the heavy quarks, so that the condensates
〈QiQj〉 (for flavors i, j) gave rise to the correct Yukawa couplings. An extension of this work could be attempted in
this direction.
On the other hand, our effective operators can be related to the Operator Product Expansion when assuming that
new physics contributions to the OPE come exclusively from our list of operators. Redefining the Wilson coefficients




10 and our coefficients δ1l, δ2l, δ3l and δ4l are obtained.
This permits us to use the fits obtained in [5] to compute the best fit values of our coefficients in view of recent
experimental results, and we find that a non zero value is especially favored for coefficients δ1l and δ+, as shown
in table II. The NP contributions are considered in decays with final muons only. This choice is motivated by
experimental evidence and can also be related to our prediction of the scales suppressing operators with leptons, since
the scale of the electrons (Λe ∼ 350 TeV) is higher than that of the muons (Λµ ∼ 20 TeV). Following this reasoning,
a larger deviation from the SM would be expected for decays with tau leptons, since Λτ ∼ 5 TeV. On the other hand,
this could mean that our general assumption Λ = 1 TeV is underestimating the suppression scale of the operators
involving muons. Further studies could explore whether the anomaly could still be described when employing a higher
scale.
Furthermore, we use flavio to perform our own fits using a limited number of observables. The results are in
agreement with the previous calculation to a high degree for coefficients δ1l and δ+, but generally have a larger error
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due to the reduced number of observables in our fit. Since the value δ+ = 0.49± 0.16 shows better description of the
fitted data in comparison to the SM, we use it to provide NP predictions for observables P ′5 and R
∗
K , and find that in
most bins the NP scenario is closer to the experimental points than the SM case.
Bearing all this in mind, one can say that four-fermion operators improve the description of the b→ s µ+µ− anomaly.
Furthermore, we have shown that these operators can arise from more fundamental four-fermion operators containing
heavy fermions with masses around 1 TeV and which involve Minimal Flavor Violation in the Standard Model fields.
In comparison to studying directly the coefficients Ci in the OPE, the analysis of this work in terms of the δi gives
information as to which couplings with heavy fermions could be favored thanks to the dependence of the δi on the ci,
the coefficients of the operators involving heavy quarks. We have seen that the ci of operators involving two heavy
fermions and two SM quarks should remain small in order to fulfill the bounds in the literature, while the coefficients
cil form operators containing two heavy fermions and two muons should be larger in order to account for the anomaly.
From the point of view of my contribution, I was able to reproduce in detail the building of four-fermion operators
and to introduce in them the Minimal Flavor Violation hypothesis, and I worked out how to implement the theoretical
framework in flavio to perform fits and predictions. Apart from the possibilities mentioned above, this study could
be further expanded by considering different operators with heavy fields, such as as a dipole operator containing the
electromagnetic field strength, in order to study their effect in other rare decays.
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FIG. 7: Likelihood distribution for the real part of coef-
ficient δ1.










































FIG. 9: Likelihood distribution for the real part of coef-
ficient δ+.



















FIG. 10: Likelihood distribution for the real part of coef-
ficient δ−.
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